pipelines and are considered a nuisance. 23 Figure 1 shows a conceptual schematic of hydrate formation in pipelines for an 24 oil-dominated system (i.e. where oil is the continuous phase). Hydrate formation begins 25 with water being emulsified in the oil phase forming a water-in-oil (W/O) emulsion. As 26 explained below, this emulsion may or may not be desirable depending on the size of the 27 water droplets. Next, at appropriate pressure and temperature condition, a thin hydrate 28 shell will grow around the water droplets (1) . If the water droplet is in the µm size range, 29 gas molecules are able to penetrate through the shell. In this case, hydrates will grow 30 inward forming fully converted hydrate particles that can prevent hydrate agglomeration 1 and pipeline blockage. However, this hydrate shells can create a gas diffusion barrier 2 between the oil and the water phase if water droplets are bigger than µm size range (1) . 3
Then there will be capillary attraction forces between hydrate particles due to water 4 bridging (from unconverted free water) that cause the particles to agglomerate forming 5 large hydrate aggregates (1). Since these aggregates may then form a blockage in the 6 pipeline, it is crucial to determine the water droplet size in an emulsion and eventually the 7 hydrate particle size in a slurry. 
12
There are several methods being employed by researchers and operators to 13 determine droplet size of the emulsion such as microscopy (4), and Nuclear magnetic 14 resonance (NMR) (5-7). Each method has its own advantages and disadvantages. For 15 instance, the microscopy imaging method is relatively simple and fast. The size of the 16 droplet is measured by analyzing optical microscopy images of the emulsion. However, 17 in this method, only a small sample of the emulsion is analyzed (e.g. ~250 water droplets) 18 and thus the method may not reflect the actual condition in pipelines. Another method to 19 determine the DSD of emulsions is using NMR. This method has gained interest since it 20 is non-destructive and can measure a considerable amount of sample. 21
In this paper, the DSD of the system is determined by studying the diffusion of 22 the system using NMR, specifically by taking advantage of the differences in relaxation 23 times for oil and water. In this work, we present a method for the conversion of the T2 24 distribution signal to droplet size distribution. 25
Materials and Methods

1
Emulsion Preparation 2
The model water-in-oil emulsion consists of a mineral oil, a mixture of surfactants 3 and deionized water. The mineral oil in this work was Crystal Plus mineral oil 70T 4 purchased from STE Oil Company Inc. The oil is a Newtonian fluid with a viscosity of 5 20 cP at 25 °C and density of 0.857 g/cm 3 at 20 °C. The chemical composition of the 6 mineral oil is given in Table S1 . 
20
In this work, 30 ml of emulsion sample was prepared by first, dissolving the pre-21 weighed surfactant mixture in the mineral oil at low heat (~50°C) and medium stirring. 22
This was done using a hotplate and a magnetic stirrer. Next, the sample was cooled to 23 room temperature. Once cooled, the sample was stirred at 8000 rpm using a high-speed 24 homogenizer (Virtis Sentry Cyclone IQ2 Homogenizer), while water was added slowly 1 using a syringe. (9). The total stirring time depends on water cut of the emulsion. For 2 emulsions with water cuts ≤ 50 vol. %, the system was stirred for 3 minutes where water 3 was added during the first minute. As for 60 and 70 vol.% water cut emulsions, the 4 system was stirred for 6 minutes and water was added during the first 4 minutes. A longer 5 stirring time was required for the high water cut system to allow water to be added slowly 6 into the system. This method ensures that W/O emulsion will be produced. 7
Microscopy Droplet Size Measurement 8
The water droplet size of the emulsion was measured using an optical microscope 9 (Olympus IX71) connected to a digital camera (Olympus XM10). The microscope 10 images were analyzed using ImageJ. At each water cut investigated, a minimum of 250 11 water droplets were measured and the mean droplet size was calculated and reported in 12 this work. 13
NMR Droplet Size Measurements 14
The NMR measurements were performed using a 2 MHz Magritek Rock Core 15
Analyzer. All measurements are at room temperature and pressure. Two main pulse 16 sequences are used to measure the NMR response for the emulsion samples. In this 17 section, the pulse sequences and the analysis techniques are discussed. 
By minimizing the echo spacing (TE in Figure 3 ) the diffusion induced relaxation 1 becomes negligible compared to bulk and surface relaxations (11). Surface relaxation is a 2 function of surface relaxivity and the ratio of surface area to the volume. Assuming 3 spherical-shaped droplets for the discontinuous phase (water in this study), Equation 1 4 can be rewritten as (Equation 2): 5 6
Equation 2
In which ߩ is the surface relaxivity, ܵ is the surface area, ܸ is the volume, ‫ݎ‬ is the droplet 7 radius. This equation can be solved for droplet radius, which is the main focus of this 8 study (5): 9
10
Equation 3 11 Bulk and T 2 distributions in Equation 3 can be measured for the emulsion, the only 12 parameter that is required for droplet size calculation is the surface relaxivity. All the NMR measurements were performed using a 2 MHZ Magritek Rock Core 22
Analyzer at room temperature and pressure. The T 2 distributions were measured with 400 23
µs echo spacing, 50000 number of echoes, constant pulse length of 20µs for both 90 and 1 180 degrees pulses and minimum signal to noise ratio (SNR) of 250. 2 3 Pulsed Field Gradient-CPMG Pulse Sequence 4
The Pulsed Field Gradient-CPMG pulse sequence consists of a pulse field gradient (PFG) 5 followed by a CPMG pulse sequence. This pulse sequence correlates two phenomena: the 6 translational diffusion coefficient of water molecules restricted by droplet walls 7 (replicated in the diffusion measurement) and the chemical properties of water and oil 8 (replicated in the T 2 measurement). A two dimensional distribution function accounts for 9 these phenomena and an inverse Laplace transform is used to produce the D-T 2 maps. We 10 used non-negative least square (NNLS) algorithm for 2d inversion of D-T 2 data (12). 11
More information about D-T 2 data acquisition and mathematical inversion can be found 12 in (13) (14) (15) . The smoothing parameter for the inversion has been chosen by the method 13 described by (16). 20) which is usually unknown in cases such as oil and gas production wells and pipelines. 1
The second approach is to use very long diffusion times to allow the continuous phase 2 NMR signal to decay during this time period (7, 18, 19, 21, 22) . The disadvantages of this 3 approach are compromising the signal to noise ratio since a major portion of the signal 4 decays due to relaxation before the data acquisition and also applicability only in cases 5 that the continuous phase relaxation is faster than the discontinuous phase. 6
In this study we used 2D D-T 2 maps, even though the experiment time is longer than PFG 7 experiments. Using 2D maps we can differentiate the water and oil diffusion responses 8 based on their respective T 2 distributions. The 2D maps were measured using 30 ms 9 diffusion time, 5 ms gradient pulse duration, 0.5 T/m maximum gradient and 40 gradient 10 steps. The CPMG part of the pulse sequence is ran using the CPMG pulse sequence for 11 1d T 2 experiments. Figure 5 shows an example of the 2D map specifically the 20% water 12 cut emulsion. 13 sphere with specific radius considering the experimental acquisition parameters (24). We 1 use this model to calculate the droplet radius using measured diffusion coefficients. 2
Results and Discussions
3
Microscopy Droplet Size Measurements 4 Figure 6 shows the microscopy images of the water-in-oil emulsions prepared 5 using mineral oil 70T at 10 and 50 vol.% of water cut. Analysis of the microscopy images 6
shows that the numerical average droplet size of this emulsion system is in the range of 2 7 -3 µm across all water cut emulsions investigated in this work (Figure 7) . It is to be 8 mentioned here that at each water cut a minimum of 250 water droplets were measured. 9
From these measurements, the average droplet size and its standard deviation was 10 calculated. The error bar in Figure 7 represents the standard deviation in the 11 measurements. This average droplet size is in agreement with a typical water-in-crude oil 12 emulsion system reported by us and other researchers (25). 13 
The microscopy water droplets size measurement shows that there is minimal 4 change in the size of the water droplets across the water cuts investigated in this work. It 5 is likely that the water droplet size does not change due to the high concentration of 6 surfactant used in this work (22) . Our study shows that the critical concentration of 7 aggregation (CCA), which is, the concentration at which inverse micelles form was 8 measured to be 0.1 wt.% for all water cuts (4). Thus, the emulsions used in this work 9 were prepared at concentrations above the CCA. 10 Figure 8 shows the T 2 distribution for bulk oil and water as well as all the 2 emulsions measured using the CPMG pulse sequence (Figure 3) . Bulk responses show a 3 clear distinction between oil and water T 2 distributions (Figure 8(a) ). When water is 4 emulsified in the oil phase, the T 2 response for the discontinuous phase (water droplet) is 5 affected by the emulsion properties. Figure 8(b) shows the T 2 response for emulsion 6 samples. The T 2 relaxation times for oil do not change by varying the water cut because 7 oil is the continuous phase. T 2 response for water varies depending on the water cut. The 8 surface relaxivity for the emulsions can be calculated by solving Equation 3 for ρ. We 9 used the T 2 distribution of the water phase for samples with water cut of 50-70 vol% 10 since they show a distinct peak for water phase. The average surface relaxivity is 0.801 11 µm/s (6,18). By having this surface relaxavity value, droplet size of any T 2 distribution 12 for this mineral oil and water system can be calculated using Equation 3. Using this 13 calculated surface relaxivity, the droplet size derived from T 2 distributions and Equation 14 3, varies from 3.3 to 4.7 µm which is close to the range of the droplet size measured by 15 diffusion method. The difference is because for low water cut samples (10 to 30 vol%) 16 samples the water T 2 distribution is not distinct from the oil distribution. 17 Figure 9 shows the numerical average water droplet size across all water cut 18 emulsions studied in this work determined from NMR investigations. As can be seen in 19 Figure 9 , the average droplet size is ~ 4 µm. In this figure, the error bar represents the 20 smallest and largest water droplets detected in these measurements from T2 data. 21
NMR Droplet Size Measurements 11 12
Similarly to the microscopy analysis, the size of water droplets shows minimal change 22 with change in the water cut of the system. As mentioned earlier, the relatively constant 23 water droplet size across the water cuts is likely to be due to the high concentration of 24 surfactant used in this study. However, it should be mentioned here that the minimum 25 water droplet size observed at 50 vol.% water cut is relatively small and thus not 26 significant. 
13
Furthermore, it can be seen in Figure 10 that in both methods, the trend of the 14 water droplets across all water cuts studied is relatively similar; both show a minimum 15 droplet size at 50 vol.% water cut. This shows that the NMR method proposed here is 1 able to measure the water droplet size in emulsion systems. In addition, it should be noted 2 that when comparing the two methods, larger deviation was observed for the microscopy 3 method results as compared to the NMR method. It is thought that this large deviation in 4 the size of the water droplet measured is due to the optical microscopy method that was 5 used. In optical microscopy, actual position of the droplets in the z-axis (vertically) could 6 not be determined. Consequently, the droplets that are far from the lens appear smaller in 7 the pictures taken. The size of the droplets was measured regardless of the vertical 8 position of the droplets size and the result was taken into the calculation of the average 9 droplet size. This resulted to a smaller average droplet size. 10 11
Conclusions
12
Our results have shown that Diffusion-Transverse Relaxation (T 2 ) experiments using a 13 low field NMR method can be used to measure the DSD of an emulsion sample. The 14 results obtained from this method were compared with the results obtained from 15 microscopy image analysis techniques. The investigations show that the average droplet 16 size obtained from NMR is on average 1 µm larger as compared to the microscopy 17 technique. However, both methods show a similar trend across the water cuts investigated 18 in this work. There are relatively small changes in the size of the water droplets across 19 the water cuts studied here. The method also allows the determination of average surface 20 relaxivity for water droplets in an oil continuous phase and was calculated to be 0.801 21 µm/s. The determination of average surface relaxivity of this model emulsion system, 22 allows direct calculation and determination of average water droplet size in this model 23 system without performing diffusion test. This NMR method will be immensely useful in 24 determining the droplet size of water-in-oil emulsions, and hence provides a simple 25 quantitative approach to assessing gas hydrate slurry formation and hydrate plugging risk. 26
